This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the authors for the original work. More information and the full terms of the licence here: https://creativecommons.org/licenses/ The rotating packed bed (RPB) is a promising advanced reactor used in industrial gas-liquid two-phase reaction processes because of its high phase contact efficiency and mixing efficiency. Investigation of RPBs using CFD simulations will improve the understanding of physical behaviours of gas and liquid flows in such reactors. Currently, CFD simulations on the RPBs only focus on the volume of fluid (VOF) method. However, the VOF method is not suitable for simulations of pilot-scale 2D and 3D RPBs due to the limitations in computer resources, while the Eulerian method using a porous media model is a promising alternative method but it is rarely reported. The reason is that there are no suitable porous media models that accurately describe the drag force between the gas and liquid, the gas and solids and the liquid and solids due to the high porosity and the stacked wire screen packing used in RPBs. Therefore, the purpose of this paper is to propose a new model for modelling RPBs. The new proposed model is based on the Kołodziej high porosity wire screen one-phase porous media model. In this work, two experimental counter-current gas-liquid flow cases from the literatures have been used for validating the CFD simulation results. Finally, the new model has been compared with the current porous media models for traditional spherical or structured slit packed beds, which are the Attou, Lappalainen, Iliuta and Zhang models. The simulation results show that the proposed new model is the most appropriate and accurate model for the simulation of RPBs among all the models investigated in this paper.
Introduction
The rotating packed bed (RPB) was first proposed and developed by Prof. Colin Ramshaw in the 1980s (Ramshaw and Mallinson, 1981; Ramshaw, 1983 ) and a typical RPB is shown in Fig. 1 . This system comprises of a rotating packed bed, static chamber, gas inlet tube situated on the top of the static chamber, a gas outlet tube connected to the central inner part of the rotating packed bed, a liquid jet splashing or spraying liquid from the central inner part of the rotating packed bed, and a liquid outlet tube located at the bottom of the static chamber. In this reactor, screens, meshes or gauzes are often used as the packing materials and this is because these packing materials have low flow resistance, high specific area and high capability to thinning the liquid film and breaking down the liquid droplets. During the operation, the gas and liquid can flow through the rotating packed bed co-currently, counter-currently or cross-currently in this reactor. The liquid can be observed to flow in the form of a rivulet flow, film flow and droplet flow. The RPB can create a high centrifugal acceleration, and this produces much thinner films (1-10 lm) and smaller droplets (10-100 lm) with a high interfacial area between the gas and liquid phases (Yan et al., 2014; Zhao et al., 2016) . It was found that the mass transfer coefficient was enhanced by a factor of 27-44 higher than that in the conventional packed columns and this is because the mass transfer between the gas and liquid occurs on the thin film located on the surface of the packed materials or in smaller droplets (Chen et al., 2006) . In addition to the higher mass transfer coefficient, there is a higher efficient micromixing, which is intensified by the stirring caused by the rotation and this is another advantage of the RPB. Yang et al. (2005) estimated the micromixing time s m in the RPB to be at the level of 10 À4 s and demonstrated that the RPB has a large advantage in improving the micromixing efficiency over other reactors. Nowadays, many researchers have carried out investigations on RPBs in the following fields: (i) flow hydrodynamics, especially the pressure drop across the bed (Guo et al., 1997; Chandra et al., 2005) ; (ii) mass transfer (Jiao et al., 2010; Chen et al., 2011) ; (iii) liquid holdup (Lin et al., 2000; Bȃsić and Duduković , 1995) ; (iv) effective interfacial area (Luo et al., 2012) ; and (v) micromixing (Yang et al., 2005; Chen et al., 2004) . Currently, the RPBs have already been widely applied in many chemical processes, e.g. distillation (Lin et al., 2002) , synthesis of nano-fibers of aluminum hydroxide (Chen et al., 2003) , combined photolysis and catalytic ozonation of dimethyl phthalate (Chang et al., 2009) , biodiesel production , removal of volatile organic compounds (VOCs) from waste gas streams , removal of hexavalent chromium by a biosorption process (Panda et al., 2011) , preparation of nano-particles such as ZnO/SnO 2 as photocatalysts (Lin and Chiang, 2012) or nano-CaCO 3 (Sun et al., 2011) (Jassim et al., 2007; Qian et al., 2010) . The RPB is also a promising reactor for CO 2 capture in the post combustion of a power plant because it demonstrates that the RPB could reduce the reactor size and energy, operation space and have a highly efficient operation in comparison with the traditional packed beds or trickle beds (Jassim et al., 2007) . CFD investigations of RPBs assist in the understanding of the physical behaviour of gas-liquid interactions and mechanisms, and assist in the scale up of the reactor from lab-scale to industrial scale. The most popular CFD simulation methods for gas-liquid two-phase flows are the Euler-Euler and VOF methods and these are based on the macroscale or mesoscale. The other important simulation methods are the direct numerical simulation (DNS) methods that are based on the microscale or mesoscale, such as the front tracking (FT) method (Dijkhuizen et al., 2010) . These methods can simulate a very small bubble with high surface tension and accurately capture the phase interface without any volume loss and the creation of spurious currents. The lattice Boltzmann method (LBM) can bridge the macroscale and microscale flows and accurately simulate the interfaces in bubble and multiphase flows in porous media (Sankaranarayanan et al., 1999; Li et al., 2013; Shu and Yang, 2013) .
At present, CFD simulations of the liquid flow in RPBs only focus on the VOF method and the packing wire mesh that was assumed to be square or circular blocks in 2D models (Yang et al., 2010; Shi et al., 2013; Xie et al., 2017) . The formation of the film and droplets can clearly be observed during the transient simulations. For example, Yang et al. (2016) used this method to investigate the liquid holdup and mass transfer of the dissolved oxygen released into the gas phase under different rotation speeds and liquid flow rates. The advantages of the VOF method and the method of blocks as the packing wires are as follows: (i) three typical flows (film, rivulet, and droplet) can be described and observed directly, (ii) maldistribution of liquid can be obtained, (iii) the simulation does not require to estimate the interaction force between the phases; and (iv) it is a simple model with the gas and liquid treated as one mixture phase and easily performed compared to the Euler-Euler model. The main disadvantages of this method are (i) it requires a very small grid size to capture the droplets and film, and therefore it cannot simulate 3D or large pilot scale RPBs because of computer resource and time limitations. For example, a 3D model for a small RPB rig (inner radius: 30 mm, outer radius: 160 mm and axial height: 50 mm) requires 1,071,338 tetrahedral and 26,190 pyramid grids (Yang et al., 2010) , and (ii) transient simulations have to be performed with the VOF method, which generally takes a much longer time than steady-state simulations, even though, for most of the cases investigated, the flow in RPBs is in steady-state.
Thus, a very promising method to resolve these problems is a porous media model with an Eulerian method because of the lower requirement for the number of the meshes and the shorter simulation times. For the Euler-Euler method, the porous media model consists of the drag force between the gas and liquid, the gas and solids and the liquid and solids. For CFD simulations of gas-liquid two-phase flows in packed beds or trickle beds, the available porous media models are the Attou, Lappalainen and Iliuta models (Attou et al., 1999; Lappalainen et al., 2008; Iliuta et al., 2004) . In addition to these models, the Zhang model (Zhang and Bokil, 1997) may be used for the wire screen packing or tube bundle packing for demisting or condensation. Schematic diagrams of these models are presented in Fig. 2 .
The Attou model (Attou et al., 1999 ) assumes a smooth liquid film flow on the packed spheres, the gas flowing through the empty space in the packing area and the gas separated from the liquid by a stable interface. Thus, the interaction between each phase pair is described by the one-phase Kozeny-Carman equation. Finally, the form of each equation for the interaction between the gas-liquid, liquid-solids and gas-solids is similar to the Ergun equation. This model is widely accepted and used in CFD simulations of traditional packed beds (Lopes and Quinta-Ferreira, 2009; Solomenko et al., 2015; Jindal and Buwa, 2017) . Lappalainen et al. (2008 Lappalainen et al. ( , 2009 ) constructed a porous media model based on the wetting efficiency and packing of spheres. The total interaction force for the gas and liquid is the drag force between the gas and liquid minus the interaction force between the solids and liquid or gas. For the gas-liquid drag force and the interaction force between the solids and liquid or gas, the form of the Ergun equation is also used. Heidari et al. (2014) combined the Lappalainen model and the Attou model in their simulations. Both the Attou and Lappalainen models assume that the packing materials are ideal spheres and the liquid flows as a film on the surface of the spheres. In addition, the Attou model assumes that a liquid film covers the solid spheres and the gas flow does not exert a direct action on the packing surface. While, in the Lappalainen model, it is assumed that part of the surface of the spheres is covered by the liquid and thus introduces the wettability, f e , namely the packing wetted area fraction to the total packing area. Iliuta et al. (2004) developed a porous media model for the structured packing containing columns. They treated the flow structure as a simplified two-parallel interconnected inclined slits, a dry slit a S Â (1 -f e ) and a gas-liquid wet slit a S Â f e with the liquid film on the slit surface and the gas does not directly act on the solids slit. The shear stresses exerted by the slit wall are assumed to be composed of laminar and turbulent contributions. The partial wetting gas-phase drag force consists of gas-liquid and gas-solids interactions and the particle plus wetting liquid phase drag force, which consists of gas-liquid and liquid-solids interactions. The pressure drop across the dry slit is equal to the pressure drop across the wet slit. In addition, this model is popular in CFD simulations for a structured packing bed (Pham et al., 2015; Fourati et al., 2013) . The Iliuta model is specifically designed for the structure slit packing. Zhang and Bokil (1997) built a resistance model for tube bundle condensers and Al-Fulaij et al. (2014) used this model for the Euler-Euler simulation of wire mesh demisters and treated the demister wires as the porous media. This model assumes that the liquid exists as droplets of a single size in the middle of the tube and as a film on the tube wall. The drag forces between the gas and solids or between the liquid and the solids are the friction between the two phases. In the Zhang and Bokil model (Zhang and Bokil, 1997) , the interaction force is attributed to the friction between the interfaces. These porous media models are effective to be applied for traditional packed beds. However, these models are not suitable for the RPB. The reasons are (i) the packing materials are different. For the RPBs, the high porosity wire screens are commonly used as the packing materials, but for traditional packed beds, the spheres or spherical patterns are commonly used; (ii) the packing structurers are different. The basic structure of wire screens are cylinders. Therefore, the hydraulic diameter should be cylinder diameter. For the traditional packed beds, the hydraulic diameter is the sphere diameter; and (iii) the flow characteristics are different. investigated one-phase flow through wire screens and analysed the pressure drop through the Fanning factor. They found that the flow through the wire mesh is different from what occurs in traditional packing. Therefore, these existing porous media models cannot be used for RPBs.
Therefore, the purpose of this paper is to construct a new porous media model for CFD simulations of gas-liquid two-phase flows in RPBs and to obtain reasonable and accurate liquid holdup distributions.
Simulations

Gas-liquid two-phase porous media model
In most situations, the packing materials in RPBs are the stacked wire screens and the characteristics of this type of packing for twophase flows are different from sphere packing used in the traditional packed beds. In general, the traditional Ergun equation cannot predict the correct flow hydrodynamics in wire screen packed beds. Kołodziej et al. (2009) where DP is the pressure drop; H is the height of the packed bed; f app is the Fanning friction factor for laminar flows; f t is the Fanning friction factor for turbulence flow; q is the fluid density; v is the fluid velocity; d w is the diameter of the packed wires; e is the porosity of the packed bed; s is the bed tortuosity factor; h is the angle between flow direction and the bed axis as shown in Fig. 3 . In this work, we develop a new two-phase porous media model for a wire screen packing based on the Kołodziej one-phase model. The new model is suitable for wire-like packed beds with high porosity. The basic assumptions are as shown in Fig. 4 : (i) part of the wires, called wet wires, f e , are covered by liquid and the remaining wires, called dry wires, (1 -f e ), are directly in contacted with the gas. In the concept of the porous media model, the packings are modelled as a homogenous porous medium without resolving the detailed packing structures in the computational mesh. Therefore, the wetted part of the specific single wire is considered using the local averaged values of the wetting fraction; (ii) there are three interactions: liquid flowing on the wet wire surface which is controlled by the interaction force between the liquid and solids, gas flowing on the dry wire surface which is controlled by the interaction drag force between the gas and solids and the gas flowing through the surface of the liquid on the wet wires which is controlled by the interaction drag force between the gas and liquid; (iii) when the gas and liquid flows through the wire screen, the pressure drop across the wet surface is equal to the pressure drop across the dry surface; (iv) the gas and liquid flow through the packing wire screens follow the physics of the Kołodziej onephase flow porous media equation for the interaction drag force between the gas and liquid, the wire size considers the enlargement,
caused by the liquid film, and the gas-liquid drag force follows the Kołodziej equations with h =0°, which means the gas and liquid flows in the opposite direction but on the same line. The total interactions for the gas and liquid phase are given, respectively, by
where F int,G and F int,L are the total interaction force for the gas phase or liquid phase; f e is the wetted fraction of the packing bed; F GL , F GS and F LS are the drag forces between the gas and the liquid, the gas and the solids and the liquid and the solids. Therefore, the equations for the new model employed are as follows:
where, e G , e L and e S are the volume fraction of the gas, liquid or the solid phase; d 0 w is the diameter of the wetted wires. The Fanning friction factor for laminar flows, f app , is given by ):
The Fanning friction factor for turbulence flows, f t , is given by f t ¼ 0:079
where v + is dimensionless channel length; Re K is the Reynold number in the Kołodziej model; v e is the effective velocity; D h is the hydraulic diameter of the packed bed; l is the viscosity of the fluid.
For gas-solids interaction:
For liquid-solids interaction:
For gas-liquid interaction:
where a 0 S is the specific area of the wetted wires. For the gas-liquid interaction, the gas and liquid flow are assumed to be h =0°.
The wetted surface fraction, f e , is calculated from the Onda correlation (Onda et al., 1968) and it is given as follows:
where, Re L is the Reynold number of the liquid phase; We L is the Webber number of the liquid phase; Fr L is the Froude number of the liquid phase; r is the surface tension; r c is the critical surface tension; g c is the centrifugal acceleration; r is the radius of the rotation; x is the rotation speed.
In reality, the liquid film and liquid droplets all exist in the RPB. However, the motion of the liquid droplets in the RPB are restricted by the packing mesh and they interact with the film flow. Currently, it is still difficult to determine the volume ratio of the liquid droplets to the liquid film in an RPB. Although the gas-liquid twophase porous media model in this work is derived from the liquid film flow, we will explore the capability of this model for simulating the flow containing droplets. This concept is also used by CFD simulations of traditional trickle beds (Gunjal et al., 2005; Lopes and Quinta-Ferreira, 2008) .
Simulation cases
In order to validate the simulation, two experimental cases with high porosity packing from the literatures are used, namely the Burns experiment (Burns et al., 2000) on the gas-liquid countercurrent flow in a RPB and the experiments of Yang et al. (2015) in a RPB. These two experiments are the representative type experiments in measuring liquid holdup in the RPB. The Burns correlation for liquid holdup, which was obtained from the experimental data, has been examined, accepted and extensively applied by many other researchers (Kang et al., 2014; Joel et al., 2014) . In the Yang experiment, the advanced non-invasive X-ray CT, IPECT160, which was developed by the State Key Laboratory of Multi-phase Complex System of China (Yang et al., 2015) , was employed to measure the liquid holdup distribution. The experimental data for liquid holdup from the Yang experiment are often used to validate the CFD simulation of liquid flow in RPBs (Xie et al., 2017; Ouyang et al., 2018) . Therefore, the experimental data from these two experiments were chosen to be used as the validation data in this work. The dimensions of the RPBs and the packing materials are listed in Table 1 . The prediction of the liquid holdup for two-phase flow in packed beds is of great importance in industrial processes (Saez and Carbonell, 1985) . The validation of the simulation presented in this work is performed by comparison of the liquid holdup between the simulations and the experimental data.
The Burns experimental correlation for the liquid holdup is given by (Yang et al., 2015) .
Simulation method
The gas-liquid two-phase flow in a rotating packed bed is almost axisymmetric and this has been demonstrated in the literature (Yang et al., 2015) . Therefore, for simplifying the simulation without compromising the integrity of the flow characteristics in this paper, a 2D axisymmetric laminar flow model is used for the CFD simulations of the RPBs, in which the gas and liquid flows in the RPB are counter-current flows. In addition, the rotation of the bed is considered using the rotating reference frame with an appropriate rotating speed. The further assumptions made are as follows: (i) the porous media is isotropic; (ii) the liquid flow in the RPBs is steady-state; (iii) the gas is incompressible; (iv) the liquid is treated to be a uniform flow entering the packed bed; The liquid entry region and the effect of the liquid jet on the liquid flowing in the packed bed are not considered; (v) the liquid flow in the packed bed is dominated by the form of the film and the dispersed droplets; and (vi) the flow between two plates in the packed bed is symmetrically distributed on both sides of the midline.
A schematic diagram of the 2D RPB model is shown in Fig. 5 .On left side of the bed is a no slip wall and on the right side is a symmetry boundary. The top outer boundary is the gas velocity inlet and the bottom inner boundary is a gas pressure outlet. The simulation for the counter-current flow in the rotating packed bed is challenging due to the difficulty in the accurately setting of the liquid inlet and liquid outlet. This is because the liquid inlet and the gas outlet are overlapping, and the liquid outlet and the gas inlet are overlapping. There is no accurate available boundary settings for them in FLUENT and therefore in order to overcome this difficulty, two zones, namely a liquid source zone and a liquid elimination zone, were constructed. The liquid is generated from the liquid source zone, in which the mass source is added, and the flow is towards the outer boundary, and it finally disappears in the liquid elimination zone in which the liquid mass and momentum are extracted. The gas outlet of the RPB is at a certain distance away from the x-axis and rotates about the x-axis. The detailed dimensions and properties of the materials are listed in Table 2 .
The governing equations, closure model equations are as follows:
(i) Mass equation: 
(iii) Liquid source zone: For the liquid mass source,
(iv) Liquid elimination zone: For the liquid mass source,
For the liquid momentum source,
where x, r and z are the axial, radial and tangential coordinate, respectively; i stands for the gas phase or liquid phase; a L and a G are the phase fraction for the liquid and gas phase, respectively; S m is the mass source; S x , S r and S z are the momentum sources in the axial, radial and tangential directions, respectively; F drag is the drag force; Q L is the volume flow rate of the liquid; h is the thickness of the RPB.
(v) Porous media model (interaction force between the gas and solids, interaction force between the liquid and solids):
where, a 1 is the viscous resistance coefficient in porous media; C 2 is the inertial resistance coefficient in porous media.
(vi) Drag force model (interaction force between gas and liquid):
where F 0 GL is the interphase momentum exchange coefficient. For the solver, the pressure based method and the relative velocity formulation are used. During the simulation, the COUPLE method is employed. The second-order upwind discretisation schemes are used for the momentum equation and the swirl velocity equation, and the QUICK scheme is used for the volume fraction equation. The convergent condition is that the continuity residual is less than 1 Â 10 À3 and reaches a constant value; the residuals in the liquid and gas velocities are less than 1 Â 10 À4 and all reach a constant value; the liquid holdup does not change with increasing iterations. The mesh independence is checked and the simulation software is Fluent 16.1.0. The porous media models are implemented by UDF source codes in Fluent. The 2D simulations are used on a PC with parallel computing facilities based on 10 processes and double precision.
Results and discussion
Validation of the new model and the effect of flow angle on the liquid holdup distribution
In the new porous media model, there is a key parameter, h, which is the angle of the flow direction to the axis of the bed and it combines the tortuosity factor s to take into account the extended flow length. The value of h is determined by the packing structures and the flow characteristics as shown in Fig. 3 . Bussière et al. (2017) obtained h through a pressure drop testing and Eq. (1). Because of the complexity in the stack screen packing, it is difficult to achieve h directly in this work but it can be obtained through an indirect method, which is through the validation of the simulation with the experimental data on the liquid holdup distributions.
To demonstrate the effectiveness of the new model and obtain h for predicting the liquid flow in the RPB, two experimental cases, namely the Burns and Yang experimental data are used.
For the Burns experiment, the operation conditions are Q L = 17.5 cm 3 /s, Q G = 2.0 cm 3 /s and n=600 rpm. Because the experimental correlation equation proposed by Burns et al. (2000) is used for validation, the experimental data from the correlation all lie on a smooth curve. The simulation results and experimental results are presented in Fig. 6(a) . For the Yang experiment, the operating conditions are Q L = 22.9 cm 3 /s and n = 1500 rpm. In the experiment of Yang, no gas is input into the rig but in the simulation, a small gas flow is added into the rig in order to obtain a rapid convergence but this small gas flow does not influence the liquid holdup and this was demonstrated by Burns et al. (2000) . The gas velocity is set as 0.01 m s
À1
. The simulation results are compared with the liquid holdup experimental data (Yang et al., 2015) and these are shown in Fig. 6(b) . In the experiment of Yang, the liquid flow in the RPB can be divided into three regions (Yang et al., 2015) : namely the entrance, bulk and near wall regions. At the entrance region, the liquid holdup along the radial direction increases from the inner edge of the RPB to the boundary of the bulk region. In the bulk region, the liquid holdup decreases with the radial direction and in the wall region, the liquid holdup increases up to the outer edge of the RPB. The experimental data that is employed for validation does not vary in a smooth manner and this is because of the manner of the liquid-inlet water spraying and the limitation of the liquid-outlet shell. For the CFD simulations in this work, the entrance and near wall regions are not modelled exactly, namely (i) the liquid inlet is treated as a liquid uniformly flowing into the RPB and the effect of the water jet is not considered; and (ii) the liquid outlet is treated as a liquid that disappears naturally when all the liquid is flowing out of the RPB. For the simulation of these two experimental cases, it can be observed from Fig. 6 that there are two similarities: (i) at a specific value of h, for these two experimental cases, the predicted liquid holdup is very close to the experimental correlation values. For example, for the Burns experiment, the error at the outer boundary of the RPB is 12.6% at h = 56.2°; for the Yang experiment, the error is 1.6% at h = 80.0°, and (ii) with increasingh, the predicted liquid holdup increases correspondingly. For the Burns experiment, as h increases from 28.2°to 56.2°, the liquid holdup at the outer boundary of the RPB is enhanced from 0.003 to 0.005. For the Yang experiment, when h increases from 50.0°to 80.0°, the liquid holdup at the outer boundary of the RPB is enhanced from 0.006 to 0.023. An increase in h results in an increase in the flow resistance because a higher h means that the gas or liquid flow is twisted more heavily and extends much longer into the porous media.
Attention in the simulations to these cases should be paid to the validation and the values of h that are different for different experiments and they are 56.2°and 80.0°for the Burns and Yang experiments, respectively. Bussière et al. (2017) investigated the onephase flow in woven metal mesh screens and obtained h in the range of 79.4°-85.5°for packings with different mesh size, warp wire diameter, weft wire diameter and single screen thickness. Therefore, it can be seen that h is one of the characteristics of the packing and different packing materials have their own specified value of h. It is a function of the packing structure and flow direction and does not vary with other flow parameters, such as liquid or gas flow rate, rotation speed, etc.
Effect of the rotating speed on the liquid holdup distribution
In order to assess the new model further, different rotating speeds are used for examining the effectiveness of the new model with h = 56.2°or 80.0°, respectively, for the Burns and Yang experimental data.
Based on the Burns experiment, simulations were carried out with the rotation speeds 600 rpm, 917 rpm and 1200 rpm and the results obtained are shown in Fig. 7(a) . At the entrance region (r < 50 mm), the liquid holdups are estimated to be 20% higher than the experimental values under different rotation speeds. This may be caused by the liquid inlet, which is not modelled exactly. In other regions, the liquid holdup distribution is almost the same as the experimental data and the error is within 13%.
In the experimental work performed by Yang et al. (2015) , the rotation speeds were 1000 rpm, 1500 rpm and 2500 rpm and these values were employed in the present simulation. Fig. 7(b) shows that for rotational speeds 1500 rpm and 2500 rpm, the simulated liquid holdup distributions agree well with the experimental data. The error for the liquid holdup at the outer boundary of the RPB is 13%. In the wall region (r = $35-41 mm), the liquid holdup is predicted to be lower than the experimental data. For the rotation speed of 1000 rpm, the predicted difference for the liquid holdup at the outer boundary of the RPB is about 30%. The reason may be that the Yang experiment was affected by the liquid entry and exit wall region (Yang et al., 2015) whereas the simulation treated the liquid inlet and outlet without including the wall effect.
The above simulation results demonstrate, at different rotating speeds, that the new porous media model is effective in describing the liquid flow in the RPB.
Effect of liquid flow rate on the liquid holdup distribution
In this section, the simulation with the new model is tested under different liquid flow rates and h = 56.2°and 80.0°are still employed for the Burns and Yang experimental data, respectively. Fig. 8(a) shows a comparison between the predicted liquid holdup distribution and the Burns experimental data under different liquid flow rates, namely 9.0 cm 3 /s, 17.5 cm 3 /s and 35.0 cm 3 /s. The results obtained indicate that the simulated results approach the experimental results in most of the region (r = $60-160 mm), with the errors being within 15%, and at the liquid entrance region the simulation obtained values that are slightly larger than the experimental data. In Fig. 8(a) , near the inner boundary of the RPB, the liquid holdup in the experimental work of Burns shows a smooth decrease along the radial direction of the RPB. This is because the experimental data is obtained from a correlation equation. Fig. 8(b) shows the simulation results under the Yang experimental conditions with two different liquid flow rates, namely 22.9 cm 3 /s and 43.0 cm 3 /s and it is observed that the predicted liquid holdup results agree well with the experimental data. For 22.9 cm 3 /s and 43.0 cm 3 /s, the liquid holdups at the outer boundary of the RPB from the experiment are 0.023 and 0.038, respectively and the corresponding liquid holdups from the simulation are 0.023 and 0.037, respectively. Thus, the error is within 10%. Fig. 8(b) shows the liquid holdup near the inner boundary of the RPB, as obtained experimentally, first the liquid holdup increases sharply ig. 6. The liquid holdup as a function of radial position for the new proposed model for the experimental data of (a) Burns et al. (2000) , and (b) Yang et al. (2015) , under different values of h. and then decreases slowly, but the simulations show a smooth curve with the liquid holdup decreasing along the radial direction of the RPB. The reason for this behaviour is that this experimental data is affected by the liquid inlet, however, the simulations do not take into account the effect of the liquid jetting on the inner boundary of the RPB as mentioned earlier. Fig. 8 illustrates that the new porous media model, under different liquid flow rates, is still effective for describing the liquid flow in the RPB. Due to being derived from the Kołodziej wire mesh model, the new two-phase porous media model is suitable for high-porosity stacked wire mesh packing.
Pressure drop
The pressure drop is also an important quantity when evaluating porous media models. Here, the pressure drop data from the simulation based on the Burns experiments are presented in Fig. 9 . It is found that the gas volume flow rate is 2.0 cm /h and n = 1000 rpm, the pressure drop is 300 Pa. From a similar experiment on the gas flow rate, liquid flow rate and rotation speed, the simulated pressure is reasonable and all values are in the range of 100-400 Pa.
Lashkarbolooki (2017) built a general model to predict the pressure drop in a gas-liquid counter-current two-phase flow across rotating packed beds. The model includes three parts: part I, the drag force pressure drop; Part II, the rotational pressure drop; and Part III, the slip pressure drop, as follows:
where A and B are the constants of the viscous and inertial terms in Eq. (29), respectively; K is the wall factor in Eq. (30); b 1 and b 2 are the gas-packing and gas-liquid slip parameters in Eq. (31), respectively. The estimated total pressure drop from these equations for the Burns experiment is 70 Pa, 150 Pa and 250 Pa for the rotation speeds n = 600, 917, 1200 rpm, respectively. Here, K in Eq. (30) accounts for the end effect due to the pressure measurement not being exactly at the inner and outer radius of the rotating packed bed and it is taken as 1 in this work since the rig is small and a small gas flow rate is used. The values of A, B, b 1 and b 2 in Eqs. (29)-(31) are all estimated from correlations in the literature (Lashkarbolooki, 2017) . The Lashkarbolooki equations may under-estimate the pressure drop for the Burns experimental case because DP I , the drag force pressure drop from Eq. (29), is estimated to be 0.0012 Pa, which means that the friction between the fluid and the packing is nearly to be 0. It does not conform to reality.
From the other experiments mentioned above and the Lashkarbolooki correlation, it is concluded that the CFD predicted pressure drop with the new proposed porous media model is reasonable.
Comparison of new porous media model with traditional porous media model
The traditional porous media models that are generally used for traditional packed beds includes the Attou, Lappalainen, Iliuta and Zhang models, which are shown in the Appendix. To compare the new model with traditional models, the Burns and Yang experimental sets of data are employed with E 1 = 180 and E 2 = 1.8 (E 1 and E 2 are the Ergun constants shown in the Appendix) for the Attou, Lappalainen and Iliuta models and 100 lm as the droplet size (Yan et al., 2014; Zhao et al., 2016 ) for the Zhang model.
In the experimental work of Burns, the liquid flow rate is 17.5 cm 3 /s, the gas flow rate is 2.0 cm 3 /s and the rotation angular speed is 600 rpm. The simulation results are shown in Fig. 10(a) . Although the predicted results and the corresponding tendency obtained from these traditional models are similar to the experimental correlation, the simulated values for the liquid holdup are much lower than the experimental data. The error in the liquid holdup at the exit of the packed bed is 72.9%, 56.6%, 51.6% and 84.7%, respectively, for the Attou, Lappalainen, Iliuta and Zhang models, respectively. However, the error for the new model is within 13%.
For the experiment of Yang, the experimental condition with the liquid flow rate 22.9 cm 3 /s and rotation speed 1500 rpm is used for assessing the different models. It can be seen from Fig. 10(b) that the liquid holdup predicted by these models are much lower than the experimental value, with errors up to in excess of 80%, but for the new model, the error is within 10%.
Therefore, on comparing the simulation and experimental results, these gas-liquid porous media models do not fit the real physical situation for the liquid flow in the RPB. The reason may be that the predicted liquid flow resistance in these models is too low. Comparing the Attou, Lappalainen, Iliuta and Zhang models, the new model is the best porous media model for predicting the liquid holdup distribution in rotating wire screen packed beds and different packing materials have different h values.
Conclusions
In this paper, a new model based on the Kołodziej wire screen one-phase porous media model is proposed for the Eulerian simulation of the gas-liquid two-phase flow in RPBs. For this new model, the surface of the packing is divided into the wet surface and the dry surface, thus the drag forces between the liquid and solids and the gas and solids are obtained based on the wire size as the hydraulic diameter. As the gas flows through the wet surface area, the effect of the enlargement of the wire size by the covered liquid is considered for the drag force between gas and liquid.
Through validation using two experimental cases, it is demonstrated that the new model is very successful in describing the liquid flows in RPBs when employing the Eulerian method. Values of h (the angle of the flow direction to the bed axis) = 56.2°and 80.0°w
ere obtained by validation with the experimental data of Burns Fig. 10 . The liquid holdup as a function of radial position for the different porous media models for the experimental data of (a) Burns et al. (2000) , and (b) Yang et al. (2015) .
and Yang, respectively. In order to examine the effect of the angle of the flow direction to the bed axis (h) and the new model further, different rotation speeds and liquid flow rates have been simulated. Finally, through comparing the new model with the traditional porous media models, such as the Attou, Lappalainen, Iliuta and Zhang models for traditional packed beds, this work has clearly illustrated that the new model is very effective for predicting the liquid flow in RPBs. Further, it is the most appropriate and accurate model for wire screen packing among the different porous media models that have been investigated. Interaction drag force between the gas and solids: 
ðA:2Þ
Interaction drag force between the liquid and solids:
(ii) Lappalainen model (Lappalainen et al., 2008 (Lappalainen et al., , 2009 Re P 8000 and Re < 200000 ðA:20Þ
